We have examined the functional consequences of ADPribosyltransferase modification of Ras by the exoenzyme S (ExoS) protein of Pseudomonas aeruginosa. ExoS has been shown previously to ADP-ribosylate a number of proteins, including members of the Ras superfamily, which play an essential role in the processes of cell proliferation, differentiation, motility and cell division. HeLa and NIH3T3 cells were infected with ExoS protein, which was delivered via the type III secretion system of the heterologous host Yersinia pseudotuberculosis. Infection of mammalian cells with ExoS results in a change in the ratio of GTP\GDP bound directly to Ras in i o. This ADP-ribosylation of Ras in i o is mediated by the C-terminal domain of ExoS. Further, ExoS ADP-ribosylation of Ras in i o inhibits activation of Ras and the ability to interact with the Ras binding domain of
INTRODUCTION
Upon infection of eukaryotic cells by pathogenic bacteria, various bacterial toxins covalently modify certain members of the Ras superfamily, thereby disturbing the regulatory mechanisms of these GTPase proteins and leading to an aberrant signal transduction [1] . The Ras superfamily is involved in signal transduction pathways stimulated in response to a multitude of external factors, such as epidermal growth factor (EGF) [1a-5] . Upon EGF receptor stimulation, a complex between the adapter proteins Shc and Grb2 is formed recruiting the guanine nucleotide exchange factor Sos and leading to the activation of Ras [6, 7] . Ras proteins are low-molecular mass G-proteins, which function as molecular ' switches ', and are active when bound to GTP and inactive when bound to GDP [8, 9] . Ras play a critical role in activation of the mitogen-activated protein (MAP) kinase cascade [10] [11] [12] , which is involved in both regulated and deregulated cell proliferation, as well as the control of differentiation and progression through the G1-phase [13] [14] [15] [16] . Furthermore, Ras have been implicated in cell survival, which is mediated through activation of phosphatidylinositol 3-kinase, which generates the second messenger PtdIns(3,4,5)P $ , an activator of the protein kinases, protein kinase B (PKB)\Akt and 3-phosphoinositidedependent protein kinase 1 [17] [18] [19] .
The bacterium Pseudomonas aeruginosa is an opportunistic pathogen, which can cause life-threatening infections in immunocompromised hosts [20] [21] [22] . Recently it was reported that Ps. aeruginosa utilizes a type III secretion-dependent mechanism, similar to Yersinia pseudotuberculosis, which appears to be functionally conserved among several bacterial pathogens, for Abbreviations used : ExoS, exoenzyme S ; Erk, extracellular signal-regulated kinase ; EGF, epidermal growth factor ; GST, glutathione S-transferase; MAP, mitogen-activated protein ; PKB ; protein kinase B ; YopE, Yersinia outer protein ; RBD, Ras binding domain. 1 To whom correspondence should be addressed (e-mail Bengt.Hallberg!cmb.umu.se).
Raf upon stimulation with epidermal growth factor (EGF). In the present study, we show that ExoS activity does not interfere with EGF receptor phosphorylation itself, nor with the formation of a Grb2-activated Shc complex upon EGF stimulation, consistent with ExoS blockage of this mitogenic signalling pathway at the level of Ras. This is further supported by our observation of a substantial inhibition of extracellular signal-regulated kinase and protein kinase B\Akt kinase activation in response to EGF upon ExoS infection. In conclusion, in the present study, the consequences of ExoS infection on Ras effector pathway in i o have been defined.
Key words : ADP-ribosyltransferase, MAP kinase, PKB\Akt, Pseudomonas aeruginosa, Ras superfamily.
secretion and translocation of virulence factors into the eukaryotic cytosol [23] [24] [25] [26] . One of these virulence factors is exoenzyme S (ExoS), which belongs to the family of ADP-ribosylating toxins [27, 28] . The results of several observations suggest that ExoS possesses more than one functional domain. First, intracellular expression of the N-terminal domain of ExoS, a domain with homology with a bacterial toxin from Yersinia, named Yersinia outer protein (YopE), elicits the disruption of actin microfilament structure through an, as yet, uncharacterized mechanism [26, 29, 30] . Secondly, the C-terminal domain has been shown to contain the ADP-ribosylating activity and is lethal to eukaryotic cells [26, [31] [32] [33] . The catalytic activity of ExoS is known to be dependent on an eukaryotic host protein named factor activating ExoS (FAS) [34, 35] . In itro, ExoS has been shown to ADP-ribosylate a large number of proteins, including vimentin and members of the Ras family [36, 37] . During the course of the study, Ganesan et al. [38] demonstrated that ExoS is able to ADP-ribosylate c-Ha-Ras in itro at more than one site, with arginine-41 being the preferred site of ADP-ribosylation, and McGuffie et al. [39] observed that an ExoS producing strain, Ps. aeruginosa 388, modifies Ras. However, no studies have yet described the effect on the enzymic-signalling pathway mediated by Ras after ExoS modification in i o. In the present study, the Y. pseudotuberculosis type III secretion system has been employed as a tool to deliver ExoS proteins into cells [25, 26, 29, 40, 41] . 
Cell culture, cell lysis and immunoprecipitation
HeLa and NIH3T3 cells were grown in minimal essential medium and RPMI 1640 respectively, supplemented with 10 % (v\v) fetal-bovine sera and 100 units\ml penicillin. Following bacterial infection (see above), at the times shown on the Figures, and stimulation with EGF (50 ng\ml) for 2 min, cells were washed twice in ice-cold PBS and lysed on ice in lysis buffer [1 % (v\v) Triton X-100, 100 mM NaCl, 50 mM Tris\HCl (pH 7.5), 1 mM EDTA, 1mM EGTA, 1mM PMSF supplemented with protease inhibitors (10 µg\ml aprotinin, pepstatin and leupeptin)]. Lysates were cleared by centrifugation at 15 000 g for 10 min at 4 mC. Similar volumes of lysate were incubated with primary antibody or GST-fusion proteins for 1 h and with Protein G-agarose or glutathione-agarose (Pharmacia) for a further 30 min. After four washes in lysis buffer, samples were boiled in SDS\PAGE sample buffer [42, 43] .
P-labelling of HeLa cells in vivo
Measurement of the nucleotide-bound state of Ras in HeLa and NIH3T3(V12, K-Ras) cells. HeLa cells were metabolically labelled over night with [$#P]P i (Amersham), as described previously [43] [44] [45] . Cells were then treated for various times with Y. pseudotuberculosis expressing wild-type ExoS or ExoS(E381A ; Glu$)" Ala) proteins and stimulated with EGF (50 ng\ml) for 2 min before harvesting. Immunoprecipitations were carried out as described above, and immunoprecipitated samples were separated by PEI-cellulose thin-layer chromatography (Merck 15675 plates) and analysed by PhosphoImager (Molecular Dynamics).
ADP-ribosylation of Ras in vitro
The ADP-ribosylation assay in itro was performed as described by Frithz-Lindsten et al. [26] . Briefly, 10 µl of secreted ExoS\ ExoS(E381A) were added to HeLa cell lysate and incubated with [$#P]NAD (Dupont-NEN, Stevenage, Herts, U.K.) for 1 h at 37 mC. The samples were then subjected to SDS\PAGE and immunoblotting.
RESULTS

ADP-ribosylation of Ras by bacterially expressed ExoS in vivo
The possibility that Ras was a target of ExoS in i o, and whether this modification resulted in a change in an activation status of Ras was investigated. To achieve this, wild-type ExoS and a set of ExoS mutants, ExoS(E381A), ExoS(∆98-232) and ExoS(∆98-232, E381A) were employed ( Figure 1A ). It has been shown that ExoS ADP-ribosylates Ras in itro [36, 38] and that the ADPribosylation activity is associated with the C-terminal region of ExoS [26, 31, 33] . Amino acid residue 381 in the catalytic domain of ExoS [ExoS(E381A)] is essential for ADP-ribosyltransferase activity [26, 32] . Two further mutants, ExoS(∆98-232) and ExoS(∆98-232, E381A), were constructed, based on the shared 
Figure 1 Diagram of wild-type and other constructs of ExoS, expressed by Y. pseudotuberculosis, used for infection of either HeLa or NIH3T3 cells
A
Figure 2 Ras modification in HeLa cells infected with bacteria expressing either ExoS or ExoS(E381A)
(A) HeLa cells were harvested after ExoS/ExoS(E381A) infection at the indicated time points. Whole-cell lysates were separated by SDS/PAGE, followed by immunoblotting with anti-Ras monoclonal antibody. (B) Endogenous Ras modification in vitro by bacterially expressed and purified ExoS (wt) or ExoS(E381A). HeLa cell lysates were incubated for 1 h at 37 mC in the presence of [ 32 P]NAD with purified ExoS/ExoS(E381A) or buffer control [26] . Samples were separated by SDS/PAGE and subjected to immunoblotting using anti-Ras antibody. (C) The membrane shown in (B) was stripped and analysed by autoradiography for detection of [ 
Figure 3 In vivo time course showing the nucleotide bound to p21Ras
HeLa and NIH3T3 (V-12, K-Ras) cells were uninfected (k) or infected for the indicated times with bacteria expressing ExoS (A), ExoS(E381A) (B) or which had been mock infected (M). Cells were stimulated, 2 min before harvesting, with EGF (j) at 50 ng/ml, as described in the Experimental section. Cells were then lysed, 32 P-labelled Ras protein was immunoprecipitated and the amount of GTP bound as a proportion of total guanine nucleotide bound was determined. Each time point represents two independent experiments performed in duplicate.
homology between the N-terminal half of ExoS and YopE. HeLa-cell infection, using genetically defined secretion and translocation mutants of Y. pseudotuberculosis, ( 99 % of cells are infected [23, 29] ), followed by immunoblotting showed that wild-type ExoS and mutant proteins were efficiently expressed and translocated into HeLa cells ( Figure 1B) .
To assess Ras modification in i o, HeLa cells, grown in 10 % fetal-calf serum, were infected for various times, harvested and the resultant lysates were separated on SDS\PAGE and immunoblotted with anti-Ras antibody (Figure 2A Figure  2B) . A slower migrating form of Ras was visible when the HeLa cell lysate had been exposed to wild-type ExoS, which was not observed when the mutant ExoS(E381A) protein was used. The only incorporation of radiolabelled NAD observed was when non-infected cell lysate was mixed with wild-type ExoS protein ( Figure 2C ). Furthermore, infection of HeLa cells for 60 min with bacteria expressing the other mutants of ExoS showed that ExoS(∆98-232), which contains a complete catalytic domain, modified Ras proteins as effectively as the wild-type ExoS protein. ExoS(∆98-232, E381A), however, showed a similarly compromised ability to modify Ras proteins as the ExoS(E381A) (see Figure 4 ).
Inhibition by ExoS of EGF-mediated Ras activation
The finding that ExoS is capable of modifying Ras in itro and in i o raises the question whether ExoS is able to change the ratio of GTP\GDP bound to Ras in i o, a reflection of the activation status of Ras within the cell itself, which can be determined by measuring the ratio of GTP (active) to GDP (inactive) bound to Ras. [$#P]P i -labelled HeLa and NIH3T3(V12, K-Ras) cells were infected for various times with wild-type and mutant ExoS proteins, Ras was immunoprecipitated and the presence of labelled nucleotide was analysed by thin layer chromatography (Figure 3) . ADP-ribosylation of Ras did not affect the efficiency of immunoprecipitation of Ras using the Y13-259 antibody (results not shown). Growing unstimulated HeLa cells, infected with bacteria expressing ExoS, showed a 2-fold decrease in the level of GTP-bound Ras, from 12 % to 5 % (two-sided P 0.001), in a time-dependant manner over a period of 80 min (Figure 3) . Stimulation of non-infected HeLa cells with Further evidence for the inactivation of Ras proteins by ExoS in i o, is the known specificity for the interaction of Ras-GTP with the Ras binding domain (RBD) of Raf-1 [14] . Lysates were prepared from HeLa cells, which had been infected with various ExoS mutants, and incubated with GST-Raf-RBD fusion protein immobilized on glutathione-Sepharose. After washing, bound proteins were eluted and subjected to SDS\PAGE and the gel was immunoblotted using pan anti-Ras antibodies (Figure 4) . Treatment of uninfected cells with EGF increased the affinity precipitation of Ras by GST-Raf-RBD (Figure 4, compare  lanes 1 and 2) . No co-precipitation of Ras with GST-Raf-RBD upon EGF treatment was observed after infection with bacteria expressing wild-type ExoS and ExoS(∆98-232), both of which retain full catalytic activity (Figure 4 , compare lane 2 with lanes 6 and 7). Conversely, co-precipitation of Ras proteins with GST-Raf-RBD was detected upon EGF receptor stimulation after infection with either ExoS(E381A) or ExoS(∆98-232, E381A) (compare lanes 2 and 3 with 4 and 5).
ExoS does not affect EGF-receptor phosphorylation or Shc-Grb2-activation complex formation
We wished to investigate the effect of ExoS on other components of the Ras signalling pathway. To assess whether the EGF receptor was phosphorylated after stimulation with EGF, HeLa cells were infected for various times with ExoS before being stimulated with EGF for 2 min and then lysed. The lysate proteins were separated and immunoblotted with the antiphosphotyrosine antibody 4G10 ( Figure 5A ). Addition of EGF for 2 min resulted in a tyrosine phosphorylated protein of 170 kDa, which was not observed in non-stimulated cells. The membrane was stripped and reprobed with anti-EGF-receptor antibody, thus confirming that the band of 170 kDa was EGF receptor ( Figure 5B ). This was further verified by immunoprecipitation with anti-phosphotyrosine antibody 4G10, followed by immunoblotting with EGF-receptor antibody ( Figure 5C ).
Figure 5 Effect of ExoS infection on EGF receptor signalling components upstream of Ras
To determine whether the Shc family of adaptor proteins were tyrosine phosphorylated after stimulation with EGF, non-infected HeLa cells and HeLa cells, infected with either bacteria expressing the wild-type ExoS or ExoS mutants for 60 min, were compared. HeLa cells were stimulated with EGF for 2 min and cellular lysates were subjected to immunoprecipitation with a polyclonal Shc antibody, followed by immunoblotting with 4G10 anti-phosphotyrosine antibody ( Figure 5D ). Phosphotyrosine proteins of 46, 52 and 66 kDa were detected in all EGF-stimulated HeLa cell lysates, regardless of whether infected with bacteria expressing wild-type or ExoS mutant proteins, but were absent in non-stimulated lysates ( Figure 5D ; B. Hallberg and M. L. Henriksson, unpublished work). The membrane was stripped and reprobed with anti-Shc antibody, thus confirming that the phosphorylated bands were Shc proteins ( Figure 5E ). We then examined whether phosphorylated Shc proteins were still able to interact with the adaptor protein Grb2. As expected the ShcGrb2 complex was formed and observed in immunoprecipitates, and was independent of ExoS infection ( Figure 5F ).
Signal transduction components downstream of Ras are inhibited by ExoS
A primary target of activated Ras during EGF stimulation is Raf, which is the first component of a protein kinase cascade that leads to activation of the MAP kinases\Erk 1\2. Another target of activated Ras is phosphatidylinositol 3-kinase, which in turn mediates the activation of PKB\Akt, a serine\threonine kinase. The expected activation of PKB\Akt and Erk1\2 after stimulation by EGF was observed in both cell lines ( 
DISCUSSION
In the present study, we have examined the functional consequences of ADP-ribosylation of the small GTPase protein Ras. We, and others, have previously reported that bacterially translocated ExoS modifies Ras and that ExoS translocation elicits a cytotoxic response correlated with disruption of the actin microfilament structure, decreased viability of the cell and inhibition of proliferation [26, [29] [30] [31] [32] [33] 39] . We have shown that Ras is ADPribosylated by ExoS and this modification results in a change in the ratio of GTP\GDP-bound Ras in i o. This ratio is very useful in understanding the importance of Ras in a given signalling process, since the amount of Ras-GTP bound (active) relative to the total amount of Ras-(GTPjGDP) bound in the cell reflects the activity of Ras. HeLa cells, stimulated with EGF at time of infection or uninfected show a 6-to 7-fold increase in Ras-GTP levels. However, HeLa cells infected with bacteria expressing ExoS before stimulation with EGF show a significantly lower degree of Ras activation. In contrast, infection of HeLa cells with the ExoS(E381A) mutant or mock infection did not inhibit Ras-GTP loading in response to EGF.
Further evidence for the inactivation of Ras in i o by ExoS modification can be observed using the RBD of Raf-1. Activated Ras interacts with Raf-1 when Ras is GTP-bound, thereby allowing detection of functionally active cellular Ras. As expected, treatment of HeLa cells with EGF increased the precipitation of Ras by GST-Raf-RBD. However, in HeLa cells after infection with ExoS or ExoS(∆98-232), both of which contain a complete catalytic domain, the EGF-induced stimulation of Ras-Raf-RBD complex formation is completely blocked by ExoS modification. Interaction between GST-Raf-RBD and Ras is only observed when cells are infected with ExoS mutants with limited catalytic capacity, such as ExoS(E381A) and ExoS(∆98-232, E381A).
We then investigated the possibility that ExoS is able to affect signalling components upstream of Ras, such as the EGF receptor and the two adaptor proteins, Shc and Grb2. From our results we conclude that neither the wild type ExoS nor the ExoS mutants impair immediate EGF-receptor function, as measured by tyrosine phosphorylation upon ligand-mediated receptor stimulation. In addition, ExoS infection does not appear to affect efficient tyrosine phosphorylation of the adaptor protein, Shc, or complex formation between Grb2 and Shc, upon receptor stimulation with EGF.
Activated Ras plays a role in the control of downstream signalling pathways, including the PBK\Akt and MAP kinase proteins Erk1 and Erk 2. We observed an expected phosphorylation of both PKB\Akt and of Erk 1\2 after stimulation by EGF in HeLa cells [15, 17] . However, both PKB\Akt and Erk phosphorylation were abolished upon stimulation with EGF after infection with wild-type ExoS and ExoS(∆98-232). This effect was not seen with cells infected with ExoS(E381A) or ExoS(∆98-232, E381A), suggesting that catalytically impaired ExoS mutant proteins are unable to block PKB\Akt and Erk 1\2 activation upon stimulation with EGF. These results suggest that infection of both NIH3T3 and HeLa cells with ExoS blocks the phosphorylation and activation of PKB\Akt and MAP kinases, Erk1 and Erk 2, upon stimulation with EGF, presumably due to down-regulation of Ras activation.
Since ExoS elicits a cytotoxic response correlated with disruption of the actin microfilament structure [26] , we investigated whether RhoA, another small G-protein involved in actin organization in cytoskeleton regulation [2] , was modified by ExoS. However, so far, no modification of RhoA after infection with ExoS in i o has been observed, although RhoA was modified by ExoS in itro (M. L. Henriksson and B. Hallberg, unpublished work).
From this series of experiments in i o, we propose that the ExoS protein is able to block activation of Ras upon stimulation with EGF. Our results indicate that this is due directly to the activity of ExoS modification of the Ras protein, as seen in itro. We consider this to be the most likely scenario, as the preferential ADP-ribosylation site in Ras has been identified as arginine-41, which is very close to the effector domain of Ras [38] . Posttranslational modification at this site is likely to affect Ras protein function. We, and others, have shown that the glutamic acid residue at position 381 is essential for the ADP-ribosyltransferase activity of ExoS, and this glutamic acid is thought to constitute part of the active site of this enzyme [26, 32] . The precise mechanism by which ExoS is able to affect the bound nucleotide on Ras proteins is presently unclear. However, our results show for the first time that the exchange of GDP for GTP on Ras in i o is inhibited by ExoS, which correlates with the observed ADP-ribosylation of the Ras protein in i o ( Figures  2A and 3 ). Thus it is now clear that ExoS is not only able to modify Ras in i o, but also is capable of affecting Ras activation in i o, which has been suggested by experiments in itro [46] . It is conceivable that this decrease in Ras-GTP loading is due to steric hindrance caused by ADP-ribosylation of Ras itself, although further investigation will be required in order to elucidate the mechanisms involved. Taken together, our results show that Ras is a target in i o for the ExoS of Ps. aeruginosa, and that ExoS is able to inhibit Ras activation of downstream signalling pathways.
